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ADVANCED FUEL PROCESSING FOR ADVANCED POWER GENERATION. D. H. Archer, D. Berg. 
Westinghouse Research Labs., P i t t sburgh ,  Pa. 15235. 

The use  of coa l  (and poss ib l e  r e s idua l  o i l )  for power genera t ion  i n  t h e  United 
S t a t e s  w i l l  increase  th ree fo ld  i n  t h e  next 20 years.  
developed t o  reduce t h e  environmental and economic impact of t h i s  growth. Emissions of 
S02, NO, and p a r t i c u l a t e s  and d ischarge  of heated water are minimized. 
equipment and cons t ruc t ion  a r e  reduced; opera t ing  e f f i c i e n c y  i n  f u e l  usage is increased 
over t h a t  of conventional steam power p l an t s .  Such p l an t s  involve t h e  processing of coa l  
(or o i l )  under pressure  t o  produce e i t h e r  c l ean ,  pressur ized  f u e l  products by means of a 
f lu id i zed  bed g a s i f i c a t i o n  system o r  clean, pressur ized  combustion products by means of a 
f lu id i zed  bed combustion b o i l e r  system. 
cyc le  generation. 
duc ts ;  steam turb ines  expand steam provided by hea t  recovery and/or f lu id i zed  bed 
bo i l e r s .  
shop fabr ica ted .  High c o s t  engineering, f i e l d  assembly and e rec t ion  a r e  minimized. 
p l an t s  are a l s o  high i n  e f f i c i e n c y  because t h e  gas turb ine  d i r e c t l y  and e f f e c t i v e l y  
u t i l i z e s  high temperature combustion gases. 
capable of economic producing steam a t  temperatures and p res su res  higher than convention- 
a1 b o i l e r s .  Several  v a r i a t i o n s  of c o a l  (or o i l )  processing can be  combined i n  various 
conf igura t ions  with cosbined cyc le  generation equipment, b o i l e r s ,  and gas cleaning 
apparatus.  Overall  power p l a n t  c a p i t a l  cos t  reduct ions  g r e a t e r  than 20% and operating 
e f f i c i ency  increases  g r e a t e r  than 25% appear f e a s i b l e .  

Advanced power p l an t s  a r e  being 

Capi ta l  cos t s  of 

Power production is  ca r r i ed  out by combined 
Gas tu rb ines  burn the  f u e l  gases and/or expand the  combustion pro- 

Combined cyc le  p l a n t s  are low i n  c o s t  because t h e i r  standardized components a r e  
Such 

, 

And f lu id i zed  bed combustion b o i l e r s  appear ’ 
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Combustion of Coal i n  a Bed of Fluidized Lime 

R. R. Bertrand, R. C. Hoke, H. Shaw, A. Skopp 

Esso Research and Engineering Company, Linden, New Jersey 

Under Contract t o  the Off ice  of Research 6 Monitoring - 
US Environmental Pro tec t ion  Agency 

A program i s  being conducted f o r  t h e  Environmental Pro tec t ion  Agency t o  
develop a regenera t ive  limestone process f o r  f lu id i zed  bed coa l  combustion and 
desul fur iza t ion .  The p o t e n t i a l  of f lu id ized  bed combustor f o r  a i r  po l lu t ion  control 
i s  good because the  in t imate  gas-solid contac t ing  in a f lu id ized  bed promotes high 
SO2 removal e f f i c i ency  on s u i t a b l e  materials such as limestone or dolomite. 

A schematic diagram of the  process is  shown in Figure 1. In  the combustor, 
the  s u l f u r  i n  the coa l  is burned t o  SO2 which then r eac t s  with the l i m e  t o  form CaS04. 
The system under s tudy  involves t r ans fe r r ing  the  p a r t i a l l y  su l f a t ed  l ime from the  
combustor t o  a separa te  regeneration vesse l  where the  su l f a t ed  l i m e  i s  regenerated 
according t o  the r eac t ion  

CaSO + CO +. CaO + SO2 + C02 4 
H2 H2° 

The regenerated s tone  (CaO) can then be  returned t o  the  combustor f o r  fu r the r  use, 
thereby subs t an t i a l ly  reducing the f resh  limestone requirement. The of f  gas from t h e  
regenerator has  a high SO2 concentration and can b e  used a s  feed t o  a by-product 
su l fu r  o r  s u l f u r i c  ac id  p lan t .  

Previous S tudies  

Various l abora to r i e s  have studied f lu id ized  bed coa l  combustion over the  
p a s t  few years .  The r e s u l t s  of the s tud ies  have s h a m  t h a t  coa l  can be burned 
e f f i c i e n t l y  with over 90% removal of SO2 and with reduced NO, emissions. 
of su l f a t ed  limestone has been studied using a number of regeneration methods. 
method cur ren t ly  under study has been shown t o  give 6-10% SO2 in the product gas when 
car r ied  out  a t  1 a t m  and about 20000F. The recycled lime was a l s o  shown t o  maintain 
a reasonably high l e v e l  of a c t i v i t y  a f t e r  7 combustion/regeneration cyc les .  

Regeneration 
The 

Economic s tud ie s  car r ied  out by Westinghouse Research Laboratories under 
cont rac t  t o  EPA(1) have ind ica ted  t h a t  operation of the  cumbustor and regenerator a t  
higher pressures,  approximately 10 atm, would be s i g n i f i c a n t l y  more economical than 
atmospheric pressure operation. A s  a r e s u l t ,  the cur ren t  s tud ie s  are being made at  
higher pressures.  

Objectives 

Objectives of t he  cur ren t  experimental program cons i s t  i n  (1) inves t iga t ing  
the  f ac to r s  influencing the  reduction of NO, emissions in f lu id i zed  bed combustion, 
and (2) studying the regeneration of s u l f a t e d  lime a t  pressures  up t o  10 atm. 

EXPERIMENTAL RESULTS 

Factors Affecting NO-. Emissions 
n 

It w a s  determined previously tha t  NO, emissions measured a t  the  law 
temperatures occurring i n  f lu id i zed  bed combustion a r e  formed by oxida t ion  of nitrogen 
compounds in the coal. Oxidation of atmospheric N2 occurs only a t  higher temperatures. 
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In  t h i s  study, the e f f e c t  of temperature, excess air and f lu id i zed  bed material on NO 
emissions waa measured. 
combustor i s  shown i n  Figure 2. As temperature decreases,  NO emissions drop and drop 
LaLLLSL sharply b e k v  1500oB. Thc effect  af excesa 6ir as ing  a bed of CaSO4 i s  shown 
i n  Figure 3. Actual NO emissions decreased as excess air  (percent 02) w a s  increased. 
However, when the  emissions were normalized t o  a constant gas volume ( a t  3% 02), t h e  
NO emissions increased  aa t he  excess air increased. The NO formation r a t e  w a s  t hus  
i~crtaeed by the 'nigher average oxygen concencracion in rhe bed. iine efiecr:  of bed 
material is sham i n  F igure  4. 
bed, t h e  emissions were h igh  i n i t i a l l y ,  bu t  as the bed su l f a t ed ,  the  emission l e v e l  
approached t h a t  of CaS04. 

The e f f e c t  of temperature using a bed of CaS04 i n  the 

--..Le- 

Cas04 gave lower emissions than alundum. With a CaO 

One cons is ten t  explanation fo r  these  r e s u l t s  is  the  r eac t ion  of NO with CO. 
CO emissions are h igher  a t  the  lower temperatures and at  lower excess air  conditions.  
The higher CO l e v e l s  then give lower NO emissions. 
appears t o  be a c a t a l y t i c  e f f ec t .  

The e f f e c t  of bed materials 

Reactions of NO and CO 

The reac t ion  of CO and NO w a s  s tud ied  fu r the r  i n  f ixed  bed u n i t s .  The 
e f f e c t  of bed mater ia l ,  temperature and feed gas composition were s tudied .  
system, Cas04 catalyzed the reac t ion  s l i g h t l y  and showed a smal l  e f f e c t  of temperature, 
bu t  alumina and an empty bed gave e s s e n t i a l l y  no reac t ion .  
water enhanced the r eac t ion  and gave the same NO conversion regard less  of the  presence 
of the  bed material. But when CaO w a s  used as the bed ma te r i a l  i n  a dry system, a very 
rapid reac t ion  occurred which gave Over 90% conversion of t he  l imi t ing  r eac t an t  as 
sham in  Table 1. 
the reac t ion  

I n  a dry  

However, t he  addi t ion  of 

The r eac t ion  proceeded i n  1/1 molar r a t i o  of CO and NO suggesting 

2 CO 4- 2 NO + 2 Cog+ N2 

CO was then added t o  the  feed and reduced the conversion s ign i f i can t ly  over 
both calcine8 limestone and calcined dolomite. This is shown i n  Table 1. 

TABLE 1 

NO-CO REACTIONS 

BED SOURCE CALCINED CALCINED 
LIMESTONE DOLOMITE ~~ ~ 

INLET GAS .COW. 
NO PPm 1400 1800 860 1400 1990 840 
co ppm 940 1870 990 900 2080 980 
cog x 0 0 1 7  0 0 16 

OUTLET GAS COW. 
NO PPm 400 20 640 350 240 680 
co PPm 10 160 770 20 100 830 
co2 % 0 0 1 7  0 0 1 7  

cow. ( X )  

TENF'ERATURE: 1600°F 

99 99 26 98 95 16 

RES. TIME: 0.3 SEC 

The most l i k e l y  explanation f o r  these e f f e c t s  is a k i n e t i c  l imi t a t ion  caused 
by the presence of the C02. 
r e v e r s i b i l i t y  were considered as poss ib le  explanations,  b u t  were ru led  out  a f t e r  c lose r  
examination, 

Formation of CaC03 and inh ib i t i on  caused by chemical 
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Reactions of NO and SO2 
27 

Studies  of t he  reac t ion  of NO and SO2 were a l so  made in a f ixed  bed 
The e f f e c t s  of bed mater ia l  and temperature were s tud ied .  reac tor .  

t h a t  NO and SO2 do not r e a c t  i n  the  vapor phase o r  over alundum or CaS04. 
reac t ion  does occur over p a r t i a l l y  su l f a t ed  l i m e  and appears t o  be dependent on SO2 
concentration. Further r a t e  s tud ie s  ind ica ted  a 0.5 order dependence on t he  NO 
concentration. Temperature had a negative e f f e c t  on the r a t e ,  decreasing the  r a t e  
wi th  increas ing  temperature. 
r eve r s ib l e  formation of Cas03 intermediate from CaO and SO2. The s u l f i t e  then r eac t s  
with NO t o  form N2 and CaS04. However, i t  i s  known t h a t  the  s u l f i t e  becomes unstable 
in the  temperature range where t h e  SO2/NO r eac t ion  r a t e  drops and t h i s  i n s t a b i l i t y  is 
the  probable explanation f o r  t he  nega t ive  temperature e f f e c t .  

The r e s u l t s  show 
However, a 

A proposed mechanism f o r  the  r eac t ion  involves the  

Two Stage Combustion 

The reac t ions  of NO with CO suggest the  poss ib le  lowering of NO emissions 
by operating a staged combustion system. 
combustor giving an 02 lean sec t ion  a t  t he  bed i n l e t .  
because of the  r e l a t i v e l y  high CO leve ls .  The second s t ep  would then complete 
combustion. The f l u i d  bed combustor was then modified t o  opera te  i n  a staged fashion. 
A s  t h e  r a t i o  of the amount of air  added t o  the  second s tage  t o  the  amount added t o  the  
f i r s t  s t age  increased, the  NO emissions dropped from 600 t o  200 ppm. Although these 
conditions may not b e  f e a s i b l e  i n  commercial operation, the  p r i n c i p a l  of s taged  
combustion appears a t t r a c t i v e .  

A i r  would b e  in j ec t ed  a t  two po in t s  in the 
This should promote NO reduction 

Regeneration of Sulfated Limestone 

Regeneration s tud ie s  were car r ied  out in f ixed  and f lu id ized  beds using Cas04 
a t  p ressures  up t o  10 a t m .  

Concentrations of SO2 i n  the o f f  gas as high as 7.5% have been measured a t  
.p ressures  up t o  6 a t m .  A t  10 a t m ,  t he  h ighes t  SO2 concentration measured t o  da te  is  
3%. Comparisons were a l so  made with SO2 l e v e l s  estimated from equilibrium ca lcu la t ions  
made by Argonne National Laboratory(2). In genera l ,  t he  measured SO concentrations 
were 40-50% of the equilibrium leve ls .  Further work is planned i n  t i e  f l u id i zed  bed 
regeneration u n i t  t o  determine the  SO2 l e v e l s  a t t a inab le  a t  pressures  up t o  10 a t m  as 
a function of temperature, regeneration gas composition and flow r a t e ,  p a r t i c l e  s i z e  
and su l f a t ed  l i m e  source. 
measured by cycling the stones between a pressurized combustor and the  regenerator un i t .  

? 

Act iv i ty  maintenance of var ious  s tones  w i l l  a l s o  be 
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FIGURE 1 
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FIGURE 3 

E F F E C T  OF 02 IN FLUE GAS ON 
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PRETREATMEW OF BITUMINOUS COALS FOR 
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INTRODUCTION 

Eas tern  steam c o a l s  become f l u i d  when heated through t h e  temperature range of 
700 t o  850°F, and t h e r e f o r e  r e q u i r e  pretreatment t o  prevent  caking at  g a s i f i c a t i o n  
condi t ions .  Pretreatment  v ia  preoxidat ion has been s tudied  f o r  processes  under 
development by Consol, IGT and t h e  USBM. 

Consolidation Coal C o .  has  c a r r i e d  out work f o r  t h e  p a s t  s e v e r a l  years  on t h e  
development of a f l u i d i z e d  bed g a s i f i c a t i o n  process  f o r  t h e  product ion of low-sulfur 
f u e l  gas  from high-sulfur caking bituminous c o a l s .  Progress  r e p o r t s  have been 
publ ished( ' ,2 ,3 ,4)  from time t o  time giving t h e  s t a t u s  of t h e  development. 

The process involves  g a s i f i c a t i o n  with a i r  and steam i n  a f l u i d i z e d  bed of t h e  
pre t rea ted  coal a t  temperatures  i n  t h e  range of 1700-1750'F and a t  p ressures  of about 
15 atmospheres. The pretreatment  method s t u d i e s  most i n t e n s i v e l y  i s  t h a t  of preoxi- 
dat ion.  

Two c r i t e r i a  are used t o  eva lua te  t h e  e f f e c t  t h a t  preoxidat ion requirements have 
on economics. The f i r s t  i s  t h e  percent  preoxidat ion required a s  compared with t h e  
a d i a b a t i c  quant i ty ,  i . e . ,  t h e  amount of oxidat ion by hea t  balance t o  s u s t a i n  t h e  
r e a c t i o n  a t  the  des i red  temperature. 
reacted/100 pound dry c o a l  fed,  t h i s  r e l a t i o n s h i p  is i l l u s t r a t e d  i n  Figure 1. 
percent preoxidat ion exceeds t h e  ad iaba t ic  l e v e l ,  the  r e a c t o r  becomes more complicated 
because of the need f o r  cool ing by i n d i r e c t  heat  t r a n s f e r  and t h e  hea t  re leased  cannot 
be u t i l i z e d  e f f i c i e n t l y .  

With percent  preoxida t ion  def ined a s  pounds 0, 
If t h e  

The other  c r i t e r i o n  f o r  preoxidat ion r e l a t e s  t o  the  f l u i d i z a t i o n  behavior of t h e  
preoxidized coal product .  In order  t o  operate  t h e  g a s i f i e r  a t  a p r a c t i c a l  through- 
put ,  it i s  necessary t o  u s e  a r e l a t i v e l y  coarse  feed,  and f o r  t h e  preoxidized coa ls  
t o  have a r e l a t i v e l y  high p a r t i c l e  densi ty .  
permit operat ion a t  reasonable  g a s  v e l o c i t i e s  without excessive entrainment and t o  
maintain t h e  required bed inventory t o  s a t i s f y  t h e  demands of t h e  g a s i f i c a t i o n  
k i n e t i c s .  

These p r o p e r t i e s  a r e  required i n  order  t o  

The d i f f i c u l t i e s  involved i n  meeting these c r i t e r i a  when preoxidizing Pi t t sburgh  
Seam coal  a t  pressure  have led  t o  exploratory work on a pretreatment  process  i n  which 
t h e  f l u i d  coal  is smeared out over  seed char  p a r t i c l e s  t o  produce a dense noncaking 
g a s i f i e r  feedstock.  The technique has been designated t h e  "Seeded Coal Process." 

The "Seeded Coal Process" i n  p r i n c i p l e  would a c t u a l l y  u t i l i z e  t h e  na tura l  
f l u i d i t y  of the c o a l .  I n  t h e  process  visual ized,  char would be c i r c u l a t e d  a t  a high 
r a t e  by means of a l i f t  g a s  through a d r a f t  tube immersed i n  a normal f l u i d i z e d  bed. 
Coal and f i n e  s i z e  s e e d  char would be fed i n t o  t h e  d r a f t  tube.  The ex terna l  f l u i d  
bed would be  maintained a t  1000-14C0°F e i t h e r  by i n j e c t i o n  of a i r  or hot  f l u i d i z i n g  
gas  from a g a s i f i c a t i o n  s t e p .  

The coa l  would m e l t ,  smear out  over the  sur faces  of t h e  seed char  and ex terna l  
bed mater ia l ,  and then  s o l i d i f y  on completion of pyro lys i s .  
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BACKGROUND 

Preoxidat  ion 

Pretreatment via  preoxidat ion has been s tudied by many i n v e s t i g a t o r s  a s  a means 
of rendering caking c o a l s  operable f o r  subsequent processing.  The degree and s e v e r i t y  
of pretreatment required i s  a func t ion  of the type of processing t h e  coa l  w i l l  be 
subjected t o  and t h e  condi t ions under which t h e  process  i s  operated, i . e . ,  tempera- 
t u r e ,  pressure and gas composition, a s  w e l l  a s  t h e  p a r t i c u l a r  type of processing 
equipment used. 

The following a r e  some s p e c i f i c  examples of t h e  e f f e c t  of opera t ing  condi t ions 
on f l u i d  bed processing.  F i r s t ,  i t  may be noted t h a t  more severe pretreatment  i s  
required f o r  processes t h a t  opera te  under pressure  a s  compared t o  those t h a t  operate  
a t  atmospheric pressure .  

The e f f e c t  of increasing t o t a l  p ressure  i s  i l l u s t r a t e d  by the  two experimental 
observat ions out l ined  below. Ordinar i ly ,  P i t t sburgh  Seam c o a l  cannot be f e d  d i r e c t l y  
i n t o  a g a s i f i e r .  However, a highly caking Pi t t sburgh  Seam coa l  was successfu l ly  
processed i n  1949 i n  an  atmos h e r i c  pressure  one t o n  per  hour f l u i d  bed g a s i f i c a t i o n  
u n i t  without any   re treatment?^ ) whatsoever. The above admittedly was accomplished 
a t  a r e l a t i v e l y  low coa l  throughput rate of 25 lb /hr - f t2 ,  but the e f f e c t  of higher  
r a t e s  w a s  not explored. 

The other observat ion was, t h a t  i n  processing noncaking subbituminous coa ls  a t  
20 atmospheres pressure i n  the hydrodevola t i l i zer  of the  CO, Acceptor Process ,  
agglomeration of t h e  bed s o l i d s  occurred unless  t h e  coa l  feed was p r e t r e a t e d  by mild 
preoxidat ion.( ' )  
of a s u b s t a n t i a l  p a r t i a l  p ressure  of H z ,  i .e . ,  5.5 atmospheres. 

The need f o r  pretreatment  here  may be a f f e c t e d  a l s o  by t h e  presence 

The work on t h e  development of t h e  Synthane Process  a t  the  USBM(') i l l u s t r a t e s  
t h e  f a c t  t h a t  successful  operat ion of a pressur ized  f l u i d i z e d  bed g a s i f i c a t i o n  
process  with bituminous coa l  requi res  t h a t  t h e  feed be pre t rea ted  by preoxidat ion.  

Work a t  IGT on t h e  development of t h e  Hydrogasif icat ion again 
i l l u s t r a t e s  the  need f o r  severe pretreatment t o  e s t a b l i s h  o p e r a b i l i t y  i n  t h e  f l u i d i z e d  
bed processes operated a t  high t o t a l  p ressures ,  i . e . ,  c a .  1000 ps ig .  The high 
p a r t i a l  pressure of hydrogen i n  t h e  hydrogas i f ie r  may a l s o  i n t e n s i f y  the  need f o r  
pretreatment .  

A l a rge  experimental e f f o r t  was c a r r i e d  out i n  t h e  labora tor ies  of Consol idat ion 
Coal i n  t h e  1950's t o  def ine t h e  minimum s e v e r i t y  of pretreatment v i a  preoxidat ion 
requi red  t o  e s t a b l i s h  o p e r a b i l i t y  i n  a subsequent atmospheric pressure  f l u i d i z e d  bed 
carbonizer  operated a t  950'F. The aforementioned work has not been publ ished,  but 
t h e  s a l i e n t  conclusions a r e  given here .  

The sever i ty  of pretreatment  may be minimized by maximizing t h e  amount of associ-  
a ted  thermal t reatment ,  i . e . ,  pretreatment  temperature and residence time. There is, 
however, f o r  each s p e c i f i c  coa l  a maximum pretreatment  temperature t h a t  may be used 
above which the  pretreatment  process  i t s e l f  becomes inoperable .  For highly caking 
Pi t t sburgh  Seam coals ,  t h e  "optimum" pretreatment  temperature i s  i n  t h e  range of 
750-800'F. 

The procedure f i m l l y  adopted( l 1  ) was a mild preoxidat ion a t  temperatures below 
t h e  p l a s t i c  zone, i .e. ,  <600OF, followed by f i n a l  preoxidat ion a t  temperatures with- 
i n  the  p l a s t i c  zone, i . e . ,  a t  725-800'F. 
process  was i n  t h e  range of 5-8 w t  $, and increased with increas ing  f l u i d i t y  of the 
coa l  being processed. 

The t o t a l  preoxidat ion required f o r  the  LTC 
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The use of preoxidized c o a l  f o r  f l u i d i z e d  bed(") reduct ion of calcium s u l f a t e  
a t  temperatures of 1825-187S°F but  a t  low pressures ,  i .e.,  8 ps ig ,  has  a l s o  been 
descr ibed.  In  t h i s  instance, 5 .3  w t  9 preoxida t ion  of t h e  feed coal  a t  8 p s i g  and 
700°F was s u f f i c i e n t  t o  prevent  d e f l u i d i z a t i o n  due t o  coking. 
P i t t sburgh  Seam coal ,  I r e l a n d  Mine, and t h e  same p a r t i c l e  size ( 2 8  x 100) was used as 
i n  t h e  work t o  be d iscussed  here .  

The same highly  f l u i d  

Forney,i13j e t  a l .  s tud ied  t h e  e f f e c t  of t h e  v a r i a b l e s  on ease of pretreatment  of 
caking c o a l s  i n  a f l u i d i z e d  bed. They concluded, i n  accord with o ther  i n v e s t i g a t o r s ,  
t h a t  h igher  temperatures, increased residence t i m e  and decreased p a r t i c l e  s i z e  a l l  
decreased t h e  amount of preoxida t ion  requi red  t o  make t h e  feed coa l  noncaking. 

The development of t h e  Synthane Process  f o r  g a s i f i c a t i o n  of bituminous coa l  most 

The small-scale p i l o t  work( ' I )  used a f r e e  f a l l ,  dilute-phase preoxid izer  t o  
c lose ly  p a r a l l e l s  t h e  work repor ted  here  a s  f a r  a s  t h e  need f o r  pretreatment  i s  con- 
cerned. 
p r e t r e a t  t h e  coal .  With very f i n e  P i t t sburgh  Seam coal ,  i . e . ,  7 4  through 200 mesh, 
l e s s  t h a n  8 wt  4 preoxida t ion  was s u f f i c i e n t  t o  decake t h e  feed coa l .  

The l a r g e  Synthane p i l o t  p l a n t  now under cons t ruc t ion  w i l l ,  however, incorpora te  
a more complex two-stage pretreatment  procedure. This  is considered necessary s i n c e  
t h e  coarser  feed coa l  size (-14 M x 0) t o  be  used n e c e s s i t a t e s  more severe pre t rea t -  
ment. The f i r s t  s t a g e  is a f l u i d  bed preoxid izer  operated a t  40 atm and 7509, 
followed by a second precarboniza t ion  s t a g e  which is conducted by f r e e  f a l l  of the  
preoxidized coal aga ins t  t h e  product gases through t h e  extended f r e e  board zone of t h e  
g a s i f i e r .  
adequate t o  achieve o p e r a b i l i t y  with a P i t t sburgh  Seam coal . (  15) 

Seeded Coal Process 

With t h i s  system approximately 8 w t  % preoxida t ion  i s  considered t o  b e  

A demonstration of t h e  technique which i s  t o  be appl ied  t o  t h e  "Seeded Coal 
Process" was successful ly  c a r r i e d  out  in the low-temperature carbonizat ion sec t ion  of 
the  CSF Coal Liquefact ion P i l o t  P l a n t  a t  Cresap, West Virginia . (")  The feed mater ia l ,  
i n  t h i s  instance,  was somewhat d i f f e r e n t  and c o n s t i t u t e d  t h e  underflow from t h e  hydro- 
c lone separa t ion  of t h e  e x t r a c t i o n  e f f l u e n t .  Coal e x t r a c t  i n  t h i s  case was used in- 
s tead  of t h e  f l u i d  coa l  and t h e  e x t r a c t i o n  res idue  was used ins tead  of t h e  seed char .  
Other d i f fe rences  were t h a t  t h e  mixture was sprayed i n t o  t h e  d r a f t  tube a s  a s l u r r y  
and opera t ing  temperatures and pressures  were lower, i . e . ,  825-925°F and approximately 
4 p s i g ,  respec t ive ly .  

I n  t h i s  p a r t i c u l a r  i n s t a l l a t i o n ,  a 36" I . D .  carbonizer  was employed i n  which 
t h e r e  was i n s t a l l e d  a 6" I . D .  x 11' high d r a f t  tube .  S o l i d s  were c i r c u l a t e d  through 
the d r a f t  tube by i n j e c t i o n  of about 3500-4500 SCFH of l i f t  gas  i n t o  t h e  bottom of 
t h e  tube.  The feed was spraved i n t o  t h e  c i r c ~ r l a t e d  Fhnr -+ream withill the e r p f t  ??ha 
by means of a nozzle 3 f e e t  above t h e  l i f t  gas  i n j e c t i o n  p o i n t .  

S o l i d s  c i r c u l a t i o n  r a t e s  of t h e  order  of 100,OOO lb /hr  were achieved i n  t h i s  
device, while complete o p e r a b i l i t y  and product size c o n s i s t  cont ro l  was maintained 
with e x t r a c t  feed r a t e s  up t o  200 lb /hr .  
e x t r a c t  was i n  t h e  range of about 1 .5/1 t o  3/1. The above throughput r a t e s  do not 
necessar i ly  represent  t h e  capac i ty  of t h e  system s i n c e  higher e x t r a c t  feed r a t e s  were 
not a v a i l a b l e  and consequently were not t e s t e d .  

The r a t i o  of e x t r a c t i o n  res idue  solids-to- 

The above r e s u l t s  led  t o  an attempt t o  apply t h e  same system t o  c o a l  even though 
coa l  is a less f l u i d  m a t e r i a l  than e x t r a c t  and t h e  operat ing condi t ions,  p a r t i c u l a r l y  
the  pressure  required,  a r e  more severe .  

1 
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EQUIPMENT AND PROCEDURE 

Bench-Scale Unit 

A flow diagram of t h e  experimental preoxidat ion u n i t  is shown i n  Figure 2. The 
r e a c t o r  is shown with t h e  d r a f t  tube i n  p lace  a s  f o r  seeded coal  tests.  Preoxida- 
t i o n s  were genera l ly  c a r r i e d  out without t h e  d r a f t  tube unless  otherwise s t a t e d .  
Coal w a s  fed  at a known r a t e  through a r o t a r y  feeder  i n t o  a pneumatic l i f t  l i n e  which 
conveyed i t  i n t o  t h e  bottom of t h e  reac tor .  P r e t r e a t e d  coa l  overflowed a w e i r  and 
was co l lec ted  i n  a separa te  product rece iver .  

For the  seeded coa l  and d r a f t  tube runs, s e v e r a l  r e a c t o r  conf igura t ions  were 
employed a s  shown i n  Figures  3 and 4.  Another feeder  was used for t h e  seed char and 
an a d d i t i o n a l  l i n e  was i n s t a l l e d  f o r  a c c e l e r a t i n g  gas  t o  t h e  d r a f t  tube.  The reac tor  
was 4" I . D .  w i t h  an a c t i v e  bed height of 40". The r e a c t o r  i n t e r n a l s  were constructed 
of type 310 s t a i n l e s s  s t e e l .  

F lu id iz ing  gas was metered through rotameters .  I t  entered t h e  t o p  of t h e  reac tor  
through a preheat  c o i l  i n t o  the  bottom of t h e  bed where it reversed d i r e c t i o n  and 
f l u i d i z e d  the  bed. Preoxidizer  o u t l e t  gas genera l ly  contained some heavy t a r  and 
p i t c h  which would rap id ly  plug t h e  s o l i d s  f i l t e r s  and the  o u t l e t  p ip ing .  This  was 
a l l e v i a t e d  by i n s t a l l i n g  two p a r a l l e l  t a r  r e c e i v e r s  t o  c o l l e c t  the heavy m a t e r i a l .  

Af te r  passing through t h e  coolers ,  the gas was depressured and analyzed.  The 
a n a l y t i c a l  t r a i n  consis ted of a continuous paramagnetic oxygen analyzer  and inf ra red  
SOz, CO, and CO analyzers .  I n  addi t ion ,  t h e  gas  was s e l e c t i v e l y  sampled f o r  in-  
tens ive  chromatographic a n a l y s i s .  

Laboratorv Tes t  f o r  G a s i f i e r  m e r a b i l i t y  

To judge t h e  l ike l ihood of caking i n  t h e  g a s i f i e r ,  a laboratory test was developed 
which cons is ted  of f l u i d i z i n g  a sample i n  a quartz  tube r e a c t o r . w i t h  ni t rogen,  and then 
immersing the reac tor  i n t o  a f lu id ized  sand ba th  furnace f o r  t h r e e  minutes. The 
temperature i n  t h e  r e a c t o r  reached 1500'F with in  two minutes. I f  no agglomeration 
occurred, the  mater ia l  would sure ly  be operable i n  t h e  g a s i f i e r .  Samples which showed 
s l i g h t  agglomeration might be operable i n  t h e  g a s i f i e r  s i n c e  t h e  c o a l  is fed i n  with 
a stream of a i r .  

The FSI method has  been used by previous i n ~ e s t i g a t o r s ( ' ~ )  t o  test f o r  decaking 
for subsequent g a s i f i c a t i o n .  We have found t h i s  method unsui ted t o  our s y s t e m  s ince  
samples with FSI values as  low a s  1 were inoperable  i n  t h e  g a s i f i e r .  

S imi la r ly ,  t h e  Giese le r  plastometer was a l s o  used f o r  the same purpose. The maxi- 
mum f l u i d i t y  of an operable  feedstock was below the l e v e l  t h a t  can be  q u a n t i t a t i v e l y  
measured, i . e . ,  <0.1 DDPM. 

Bench-Scale Preoxidat ion of I l l i n o i s  No.  6 Coal 

Three runs were made with I l l i n o i s  No. 6 coal  from Consol's Hi l l sboro  Mine. This 
coa l  can be c l a s s i f i e d  as  weakly caking. Tes ts  with a s tandard Giese le r  plastometer 
showed a maximum f l u i d i t y  of only 2.8 DDPM. 

The condi t ions of the  runs a r e  summarized below: 



Run Number 
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System Pressure:  15  atm (206 ps ig)  

Temperature, OF 750 800 810 
In le t  0, P a r t i a l  Pressure ,  atm. 0 .31 0.32 0.25 
F l u i d i z i n g  Veloci ty ,  f t / s e c  ( t o p  of bed) 0.29 0.29 0.29 
Tei%ceiii Preoxidat ion ii.8 i i . 5  8.7 

R u n  data ,  p r o p e r t i e s  of t h e  preoxidized products ,  mater ia l  balances and d i s t r i -  
bu t ion  of oxygen in t h e  products  a r e  given i n  Tables 1 through 4 .  

The f i r s t  runs were made with the  l e v e l  of  preoxidat ion conservat ively above t h e  
a d i a b a t i c  leve l ,  11.79. 

Upon completion of t h e  750°F p o r t i o n  of R u n  5P1, t h e  temperature was r a i s e d  t o  
800'F v i a  the  e l e c t r i c a l  p rehea ters  in order t o  o b t a i n  a more highly d e v o l a t i l i z e d  
product. Both runs were completely operable .  

In  Run 6P, t h e  amount of preoxidat ion was reduced to approach t h e  a d i a b a t i c  l e v e l .  
The temperature was increased s l i g h t l y  t o  810°F, compared to 8W°F i n  Run 5P2. 

I n  R u n  6p, t h e  pressure  drop across  t h e  f l u i d i z e d  bed increased continuously. 
Microscopic examination of t h e  chemical ana lys i s  of t h e  f i n a l  bed mater ia l  drained from 
t h e  r e a c t o r  showed t h a t  ash  p a r t i c l e s  had accumulated in t h e  bed during the  run. Ash 
and p y r i t i c  s u l f u r  balances on the  product coa l  and bed mater ia l  showed t h a t  10.559 of 
t h e  dry feed  coal  had accumulated i n  t h e  bed compared with 10.294 as  obtained by d i f -  
fe rence  i n  t h e  o v e r a l l  weight balance, a s  shown in Table 3. A check of the c h a r t  
records f o r  R u n  5P2 a l s o  showed an increase  in pressure  drop across  t h e  bed, but  t o  a 
lesser e x t e n t  than i n  R u n  6P. In Table 3 t h e  accumulations in Runs 5P1 and 5P2 were 
obtained by d i f fe rences  i n  t h e  o v e r a l l  weight balances, in view of t h e  good agreement 
between t h e  measured and d i f f e r e n c e  values shown in R u n  6p. The nominal r e t e n t i o n  
t i m e s  shown in Table 1 a r e  cor rec ted  f o r  t h e  presence of accumulated ash.  

The preoxidized coa l  products  from Runs 5P2 and 6P were fed t o  t h e  bench-scale 
g a s i f i e r  operated a t  s imulated process  condi t ions shown in Table 5. 
tests were completely operable  with no traces of agglomeration. All f u r t h e r  work 
concentrated on t h e  I re land  Mine feedstock.  

Both g a s i f i c a t i o n  ?.> 

Bench-Scale Preoxidat ion of Pittsburrrh Seam Coal 

The coa l  used f o r  these  t e s t s  was from Consol's I re land  Mine. To t h e  best  of our 
knowledge, t h i s  i s  t h e  most f l u i d  of t h e  P i t t s b u r g h  Seam coals .  
1 s  i Y ' 1 , o o o  DDPM, i . e . ,  g r e a t e r  than  can be measured i n  t h e  s tandard Giese le r  plasto-  
meter. Successful  preoxida t ion  of I re land  Mine coa l  would ensure a p p l i c a b i l i t y  of t h e  
process  t o  any o ther  c o a l .  

The maximum f l u i d i t y  

For t h e  i n i t i a l  experimental  program, a severe l e v e l  of preoxidat ion was chosen 
d e l i b e r a t e l y  with t h e  i n t e n t  of suppressing completely any tendency toward caking a t  
g a s i f i c a t i o n  condi t ions.  A long nominal r e t e n t i o n  time, 60 minutes, was chosen t o  
ensure adequate exposure t o  0, f o r  those p a r t i c l e s  a t  the  l o w  end of t h e  r e t e n t i o n  
time d i s t r i b u t i o n  which is c h a r a c t e r i s t i c  of a continuously fed f l u i d i z e d  bed. With 
t h e s e  c o n s t r a i n t s ,  t h e  i n l e t  O2 p a r t i a l  p ressure  f e l l  i n  t h e  range of 0.4-0.5 atm. 

R u n  lP 

Run da ta  and p r o p e r t i e s  of t h e  preoxidized coa l  products  a r e  l i s t e d  i n  Tables 6 
and 7. The run proceeded without apparent d i f f i c u l t y ,  except f o r  a d i s turb ingly  l a r g e  
temperature grad ien t  a c r o s s  t h e  f lu id ized  bed, u n t i l  t h e  des i red  amount of product w a s  
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fed .  During the  run, t h e  temperature a t  t h e  bottom t y p i c a l l y  was 580'F and t h e  
p r o f i l e  showed an increase  t o  7W°F a t  about 25" above t h e  bottom with constant  
temperature t o  t h e  top  of t h e  bed a t  40". 

On disassembly of t h e  r e a c t o r  i t  was found t o  be p a r t i a l l y  choked with l a r g e  
chunks of agglomerated coal .  The presence of agglomerates d i s t o r t e d  t h e  normal 
mixing p a t t e r n  of the  f l u i d i z e d  bed and a l s o  decreased t h e  nominal res idence t i m e  
of the  coa l  p a r t i c l e s  by an unknown amount. However, a l l  t h e  0, had been consumed, 
i .e., 2 4  preoxidat ion had been achieved. 

Run 2P1 

Since coke had formed at 700°F i n  Run lP,  the  next preoxidat ion run was made a t  
6W°F t o  guarantee a preoxidized coa l  feedstock with a known r e t e n t i o n  time which 
could be f e d  t o  the  g a s i f i e r .  

In  Run 2p1, 'a la rge  temperature gradient  developed soon a f t e r  c o a l  feeding was 
s t a r t e d .  
t h e  run was ended. Upon disassembly, t h e r e  was no evidence of agglomeration, y e t  
t h e  temperature e f f e c t s  ind ica ted  t h a t  agglomerates had formed. 

Af te r  two hours, t h e  temperature increased suddenly t o  800'F a t  which time 

Laboratory tests showed t h a t  although t h e  c o a l  would not  agglomerate a t  atmo- 
spheric  pressure  a t  600-650°F, agglomeration could occur a t  p ressure .  This  behavior 
was a t t r i b u t e d  t o  small amounts of waxy and resinous mater ia l  which a r e  present  i n  
near ly  a l l  bituminous coa ls .  This  mater ia l  melts at r e l a t i v e l y  low temperatures and 
evaporates a t  atmospheric pressure  before  agglomerates can form. A t  e leva ted  pres-  
sure ,  evaporation is hindered s u f f i c i e n t l y  so t h a t  t h e  p a r t i c l e s  can s t i c k  to  each 
o ther .  The agglomerates so formed must have been very f r a g i l e  and were broken up 
during manipulation of t h e  r e a c t o r  on disassembly a f t e r  Run 2P1. I n  Run 1P the  
s tar t -up procedure involved heat ing the coal  through the 6CQ-650°F range and agglo- 
merates probably formed at t h a t  t i m e .  

Run 2P2 

The s ta r t -up  procedure was changed t o  ensure t h a t  t h e  bed temperature always 
remained above 725'F. The run was c a r r i e d  out successfu l ly  a t  750'F. 
some proper t ies  of t h e  preoxidized coa l  product, t h e  d i s t r i b u t i o n  of reac ted  0,, and 
a mater ia l  balance a r e  presented i n  Tables 6 through 9. 

Run data ,  

Both Runs 1P and 2P2 products were fed t o  t h e  g a s i f i e r  a t  condi t ions described 
i n  Table 5 .  The Run 1P mater ia l  melted and coa l  feeding had t o  be stopped a f t e r  13  
minutes. The Run 2P2 mater ia l  produced numerous small agglomerates. 

I t  was apparent t h a t ,  a t  the  pressure  used i n  t h e  process ,  even 2 4  preoxidat ion 
was i n e f f e c t i v e  i n  prevent ing caking i n  the  g a s i f i e r .  Pretreatment by preoxidat ion 
involves dehydrogenation and d e v o l a t i l i z a t i o n .  Elevated system pressure  i n h i b i t s  
t h e s e  processes  while increased preoxidat ion and temperature enhance t h e s e  same pro- 
cesses .  Since a higher  preoxida t ion  temperature can compensate f o r  t h e  suppressing 
e f f e c t  of e levated pressure  on dehydrogenation and d e v o l a t i l i z a t i o n ,  preoxidat ion 
runs a t  800'F were scheduled. 

Runs 3P and 3P1 

Runs 3P and 3P1 were made a t  800'F. I n  both cases ,  soon a f t e r  800°F was reached 
i n  the  bed, there  was evidence of poor mixing or blockages i n  t h e  bed. The beds were 
found t o  conta in  l a r g e  amounts of agglomerates. 
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U n s  4P and 4Pl 

To e s t a b l i s h  a benchmark a s  t o  t h e  s e v e r i t y  of preoxida t ion  f o r  I re land  Mine 
coa l  which would assuredly provide an operable  feedstock f o r  t h e  g a s i f i e r ,  the  Run 
2pz product was subjected t o  a second s t a g e  of preoxidat ion i n  Hun 4~ a t  7f50'F i n  
which an addi t iona l  10% preoxidat ion occurred.  
preoxidized coal product ,  t h e  d i s t r i b u t i o n  of reac ted  02, and a mater ia l  balance a r e  
presented i n  Tables 6 through 9 .  

R u n  da ta ,  some proper t ies  of t h e  

Run 4P product was f e d  t o  t h e  g a s i f i e r  a t  condi t ions shown i n  Table 5. There 
was no evidence of agglomeration or ash  s lagging i n  t h e  g a s i f i e r .  

In  order  t o  obta in  a g a s i f i e r  feedstock which was more h ighly  devola t i l i zed ,  a t  
t h e  end of the 750°F opera t ing  per iod of Run 4P, the  bed temperature was r a i s e d  t o  
800°F while  holding a l l  input  flows constant .  

Increased p a r t i c l e  swel l ing was apparent immediately. Af te r  about one hour a t  
800'F, t h e  very low d e n s i t y  mater ia l  would not  flow r e l i a b l y  through t h e  overflow 
weir, and t h e  run  was shutdown. Inspect ion of t h e  vessel a f t e r  disassembly showed 
t h a t  no caking or agglomeration had occurred. 

However, such a low dens i ty  mater ia l ,  p a r t i c l e  dens i ty  less than 30 l b / f t 3 ,  
would b e  impract ical  a s  a g a s i f i e r  feedstock from t h e  s tandpoint  of maintaining an 
adequate carbon inventory and gas  throughput. 

Reference t o  Tables 2 and 7 shows t h a t  t h e  dens i ty  of t h e  preoxidized coa l  pro- 
duct increased with decreasing p a r t i c l e  s i z e .  This  is  i l l u s t r a t e d  i n  Figure 5 using 
t h e  da ta  from Runs 1P and 2P2. Resul ts  of Gieseler plastometer  tests on t h e  var ious 
f r a c t i o n s  showed t h a t  t h e  smaller  p a r t i c l e s  a l s o  displayed less f l u i d i t y .  I t  was 
concluded tha t  a smaller  s i z e  cons is t  would be  more operable  i n  the  g a s i f i e r  than a 
l a r g e r  p a r t i c l e  which had experienced t h e  same degree of preoxidat ion.  

1 

Staged Preoxidat  ion Run 

A s e r i e s  of  runs were then made i n  which a f i n e r  s i z e  c o n s i s t ,  nominally 
48 x 150 mesh, of t h e  raw coal  feed was used i n  conjunct ion with two s tages  of pre- 
oxidat ion.  From p r i o r  work both expedients a r e  i n  t h e  d i r e c t i o n  of reducing t h e  
excessive preoxidat ion requi red  i n  s ing le-s tage  t reatment  of r e l a t i v e l y  coarse  coa l .  

a .  F i r s t  Stane - Run PR1 

Prqrammed condi t ions  ca l led  f o r  t h e  a d i a b a t i c  l e v e l  of 6.3% preoxidat ion.  
The a c t u a l  coal feed r a t e  was somewhat higher than t h e  programmed value, with the 
r e s u l t  t h a t  5.74 preoxidat ion was achieved. 
scheduled shutdown was made a f t e r  making 143 pounds of s teady-state  product .  

The run was completely operable  and 

b. Second Stage a t  775°F - Run P R l B  

After  s teady-s ta te  condi t ions a t  750'F had been reached i n  Run PRlA i n  which 
complete operabi l i ty  was demonstrated, t h e  bed temperature was r a i s e d  t o  775°F f o r  
R u n  PRlB. The preoxida t ion  l e v e l  was increased s l i g h t l y  t o  compensate for  lower l e v e l  
achieved i n  t h e  f i r s t  s t a g e  run such t h a t  the  t o t a l  l e v e l  f o r  both s tages  was 11.3% 
preoxida t ion ,  which i s  5 6  g r e a t e r  t h a n  the  a d i a b a t i c  l e v e l  a t  7,7S°F. This run was 
a l s o  completely operable  with no caking or  agglomeration occurring. 

I The Run PR1 product and a l l  t h e  a i r  were f e d  i n t o  t h e  conf igura t ion  D d r a f t  

I n  t h e  tube, t h e  incoming f i r s t - s t a g e  coa l  
1 tube shown i n  Figure 4. I n  a bench-scale preoxidat ion run, t h e  d r a f t  tube probably 

makes l i t t l e  cont r ibu t ion  t o  t h e  process .  
product and a i r  were immediately d i l u t e d  with a l a r g e  amount of e x t e r n a l  bed mater ia l .  t 
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The d r a f t  tube was used t o  a s s u r e  a smooth t r a n s i t i o n  from s ta r t -up  condi t ions  in-  
volving an  i n i t i a l  bed of  i n e r t  char  and t o  prevent  l o c a l i z e d  h o t  s p o t s  caused by t h e  
highly exothermic preoxida t ion  r e a c t i o n s .  Axial  t r a v e r s e s  across  t h e  e n t i r e  bed 
showed t h a t  t h e  temperature was constant  t o  wi th in  4'F. 

c .  0 
I n  an e f f o r t  t o  obta in  a more highly d e v o l a t i l i z e d ,  and t h e r e f o r e  a more 

thoroughly decaked product ,  t h e  bed temperature was r a i s e d  t o  80OoF v i a  t h e  elec-  
t r i c a l  h e a t e r s  a t  t h e  end of t h e  mater ia l  balance per iod  of Run PRlB. Af te r  about 
one-half hour, t h e  pressure  drop across  t h e  bed had increased and a l a r g e  temperature 
grad ien t  had developed. Inspec t ion  of t h e  r e a c t o r  a f t e r  shut down showed t h a t  it was 
f u l l  of l a r g e  chunks of agglomerates. 

Detai led r e s u l t s  of Runs PR1 and PRlB a r e  g iven  i n  Tables 6 through 9. 
Inspect ions of t h e  preoxidized c o a l  product from Run PRlB show tha t  t h e  mater ia l  was 
considerably swollen and had a p a r t i c l e  dens i ty  of 49 l b / f t 3 ,  compared with t h e  raw 
c o a l  value of 82 l b / f t 3 .  This  r e s u l t  was not a n t i c i p a t e d  because our  p r i o r  w o r k  had 
ind ica ted  t h a t  t h e  smaller  s i z e  f r a c t i o n s  of t h e  preoxidized coa l  products had Suf- 
f e r e d  r e l a t i v e l y  l i t t l e  swel l ing .  Some comparisons a r e  shown below wi th  da ta  from 
t w o  runs made during t h e  e a r l i e r  work .  

2P2 PRlB Run Number 1p - 
Raw Coal S i z e  Consis t  
Temperature, "F 
Percent Preoxidation 
P a r t i c l e  Densi tv .  l b / f t 3  

Mean of E n t i r e  Product 
65 x 100 mesh Frac t ion  

48 x 150 M -24 x 100 M- 
700 750 775 
19.5 18.6 11.3 

61.6 53.1 48.6 
76.8 73.1 54.4 

The lower dens i ty  of 65 x 100 mesh product produced i n  PRlB as compared 
with previous work may be because of t h e  lower l e v e l  of preoxidation and/or the  
higher  temperature used. 

The labora tory  shock-heating test showed t h a t  t h e  Run PRlB product would 
have been inoperable  a t  g a s i f i e r  condi t ions .  The amount of agglomerates formed i n  
t h e  t e s t  was g r e a t e r  than  t h a t  f o r  t h e  Run 2P2 product which a c t u a l l y  was f e d  t o  t h e  
g a s i f i e r  a t  process condi t ions  and which was shown t o  be inoperable. 

DISCUSSION OF PREOXIDATION RESULTS 

The r e s u l t s  obtained i n  t h i s  s tudy a r e  q u a l i t a t i v e l y  i n  agreement with the  
r e s u l t s  of previous i n v e s t i g a t o r s  a s  discussed above. P a r t i c u l a r l y  noteworthy i s  
t h e  adverse e f f e c t  of t h e  process  pressure  on t h e  s e v e r i t y  of pretreatment  required 
t o  e s t a b l i s h  o p e r a b i l i t y ,  ( ' 9 6 J 8 J  

Staged preoxidation with a rising temperature regime between s t a g e s  a l s o  a pears  
moderately he lpfu l  i n  reducing t h e  s e v e r i t y  of pretreatment a s  shown by o t h e r s  .P7 ) 
However? a s  noted above, f o r  each coa l ,  and each  g iven  s i z e  cons is t ,  t h e r e  is a maxi- 
mum pretreatment  temperature a t  which t h e  f i r s t  pretreatment  s t e p  i t s e l f  remains 
operable .  For t h e  h ighly  f l u i d  P i t t sburgh  Seam coals ,  t h e  maximum f i r s t - s t a g e  pre- 
t r e a t e r  temperature a t  15 atm pressure  f o r  28 x 100 mesh feed  i s  about 750'F. 

lo) '*) 

Fine  coa l  r e q u i r e s  l e s s  severe pretreatment t o  achieve t h e  same degree of 
decaking, which again is  i n  agreement with o t h e r  i n v e s t i g a t o r s .  (l 3 ,  

The l e v e l  of preoxidation requi red  t o  achieve o p e r a b i l i t y  with P i t t s b u r g h  Seam 
c o a l s ,  a s  repor te  h re, i s  s u b s t a n t i a l l y  i n  excess  of t h a t  ind ica ted  f o r  t h e  
Synthane Process . t 1 5 e  A poss ib le  explanation i s  t h e  added pretreatment received by 



38 

the c o a l  i n  t h e  Synthane Process  by precarbonizat ion i n  t h e  f r e e  f a l l i n g  zone above 
t h e  bed. Such added pretreatment  is avoided i n  t h e  Consol process  t o  e l imina te  C O m p l i -  
ca t ions  due t o  t a r  formation.  The same r e s u l t  could poss ib ly  be achieved i n  t h e  
Consol process  by addi t ion  of  an e x t r a  preoxida t ion  s tage  i n  t h e  form of a t r a n s f e r  
l i n e  r e a c t o r .  This would be done by conveying t h e  p r e t r e a t e d  c o a l  with a i r  from the  
preoxid izer  t o  t h e  g a s i f i e r  . 

Another f a c t o r  which is brought out  i n  t h i s  s tudy is t h a t  mnre severe pretreet- 
ment is required t o  decake the coa l  when t h e  pretreatment  s t e p  i t s e l f  is conducted 
under p r e s s u r e .  This i s  i l l u s t r a t e d  by t h e  r e s u l t s  shown i n  Table 10, where t h e  caking 
proper t ies  of I re land Mine c o a l  preoxidized a t  1 and 15 atmospheres pressure  a r e  com- 
pared.  The data  of Table 10 a l s o  aga in  i l l u s t r a t e  t h e  favorable  e f f e c t  of  higher pre- 
t reatment  temperatures i n  decaking, i .e. ,  comparison of Runs lP and ZP2. 

The problem of pretreatment  is a l s o  compounded by t h e  need, as discussed above, 
t o  process a r e l a t i v e l y  c o a r s e  feed without a concomitant l a r g e  decrease i n  p a r t i c l e  
dens i ty .  

Noteworthy a l s o  is t h e  e x c e l l e n t  k i n e t i c s  of t h e  preoxidat ion s t e p .  Substant i -  
a l l y  complete oxygen consumption was observed i n  a l l  of t h e  preoxidat ion runs reported 
here .  Support in  laboratory data  on preoxidat ion k i n e t i c s  a r e  a l s o  given i n  reference 
(2). These datay') a l s o  p o i n t  out a n  i n t e r e s t i n g  f ind ing  t h a t  higher  oxygen p a r t i a l  
p ressures  cause a higher  degree of decaking a t  t h e  same preoxidat ion l e v e l .  

PRETREATMENT V I A  "SEEDED COAL PROCESS" 

The p r i n c i p l e  of t h e  preoxida t ion  method of pretreatment  is t o  convert  the  coa l  
t o  a more r i g i d  s t r u c t u r e  v i a  oxidat ion such t h a t  t h e  f l u i d i t y  i s  severely reduced when 
t h e  c o a l  undergoes p y r o l y s i s .  The Seeded Coal Process  would operate  on j u s t  t h e  
reverse  p r i n c i p l e  and a c t u a l l y  u t i l i z e  t h e  na tura l  f l u i d i t y  of t h e  coal .  Unfortunately, 
we were severely handicapped by t h e  small s c a l e  of the  equipment a v a i l a b l e  s ince  t h e  
d r a f t  tube p r i n c i p l e  had t o  be adapted t o  t h e  e x i s t i n g  4-inch diameter vesse l .  

The p o t e n t i a l  advantages of t h e  process  a r e  t h a t  it w i l l  supply a feedstock t h a t  
i s  assuredly operable  with r e s p e c t  t o  agglomeration a t  g a s i f i e r  condi t ions .  In  addi- 
t ion ,  it has t h e  c a p a b i l i t y  t o  produce a dense, c lose ly  s i z e d  feedstock s u b s t a n t i a l l y  
f r e e  of f i n e s .  This w i l l  permit a higher  g a s i f i e r  throughput than otherwise. 

A s e r i e s  of exploratory t e s t s  were c a r r i e d  out with ehe configurat ions A, B and C 
as  ind ica ted  i n  Figure 3. B e s t  r e s u l t s  were obtained with configurat ion C,  but even 
here two b a s i c  def ic ienc ies  were noted.  From t h e  appearance of t h e  agglomerates 
obtained,  it was apparent t h a t  i n s u f f i c i e n t  mixing was being achieved i n  t h e  d r a f t  tube 
between t h e  in jec ted  coa l  and the  c i r c u l a t i n g  char .  P a r t  of the  d i f f i c u l t y  is associ-  
ated w i t h  the s m a l l  _pcplp nf t h e  ey:i;-$-t, cixlc: ==1-sl;tisns s:,o-,- ' tkit ;;is gpi-iiCitl  
Reynolds number i n  the d r a f t  tube is barely above t h e  Stokes Law range. Also, it was 
apparent t h a t  most of t h e  f l u i d i z i n g  gas  was bypassing t h e  main bqd i n  favor  of t h e  
d r a f t  tube.  The r e s u l t  was t h a t  a f l u i d i z e d  bed was not maintained e x t e r n a l  t o  t h e  
d r a f t  tube. 

To overcome t h e s e  l i m i t a t i o n s ,  t h e  conf igura t ion  C of Figure 3 was modified a s  
follows: 

To allow i n s t a l l a t i o n  of an e x t e r n a l  b a f f l e  which would maintain f l u i d i z a t i o n  of 
the  e x t e r n a l  bed, t h e  d r a f t  tube  was r a i s e d  2 inches and t h e  i n l e t  l i n e s  were lengthened 
accordingly. 
acce le ra t ing  g a s  l i n e  below t h e  mouth of t h e  tube a t  a s lope  of 60° from t h e  hor izonta l .  
To h e l p  promote mixing a c o n i c a l  b a f f l e  was i n s t a l l e d  i n s i d e  t h e  tube with the apex of 
t h e  cone posi t ioned 1 / 2  inch above t h e  end of t h e  c o a l  i n l e t  tube. 
obtained is shown i n  F igure  4 .  

An e l l i p t i c a l  b a f f l e  3-5/8" x 1-3/4" x 1/16" t h i c k  was welded t o  t h e  

The configurat ion D 
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T e s t s  with a n  i n e r t  bed of 48 x 100 mesh char  a t  1500'F and 15 a t m .  system pres- 
su re  showed t h a t  t h e  e x t e r n a l  b a f f l e  was e f f e c t i v e .  The s o l i d s  c i r c u l a t i o n  r a t e  
upward through t h e  tube was measured by s u b s t i t u t i n g  a known amount of a i r  f o r  some of 
t h e  N, enter ing  t h e  s o l i d s  feed l i n e .  From t h e  measured temperature rise, t h e  s o l i d s  
flow r a t e  was ca lcu la ted  as  900 lb /hr  by hea t  balance.  
pneumatic t r a n s f e r  l i n e ( " )  model devised i n  t h e  course of development of t h e  CO, 
acceptor  pro jec t  showed t h a t  without t h e  e x t e r n a l  b a f f l e  about 270 of t h e  340 SCFH of 
N,  fed t o  the bottom of t h e  ex terna l  bed had entered t h e  draEt tube whereas with t h e  
b a f f l e ,  t h e  flow was reduced t o  about 60 SCFH. 

Calcu la t ions  involvily: the  

Seven tests were made with t h e  modified d r a f t  tube,  using an e x t e r n a l  bed Of 

48 x 100 mesh char a t  15  atm. system pressure .  Common condi t ions f o r  the  runs a r e  
l i s t e d  below: 

' I re land  Wine coal :  s ized  t o  100 x 200 mesh 
Coal Feed Rate: 2 .0  lb /hr  
Duration of Feeding: 3.3 minutes 
A i r  t o  Coal Feed Line - Equivalent t o  100% <Jf a d i a b a t i c  

preoxidation l e v e l  a t  t h e  temperature used. 

Gas Flows. SCFH 
A i r  + N, t o  Coal Feed Line 
N, t o  Accelerating Line 
N, t o  Bottom of External  Bed 

65 
85 

340 

T e s t s  were made a t  temperatures from 900 t o  1500°F, i n  100' increments .  Tenipera- 
t u r e  l i m i t s  of o p e r a b i l i t y  were e s t a b l i s h e d  a s  fol lows:  (1) a t  900°F l i t t l e  or no 
smearing occurs a s  was shown by presence of coal-derived mater ia l  i n  t h e  form of 
hollow spheres i n  t h e  bed a f t e r  t h e  run,  and ( 2 )  a t  1500'F, caking occurred i n  the 
d r a f t  tube .  

The products from the  runs a t  1000 t o  1400'F a l l  showed more uniform smearing 
than  i n  any of t h e  previous runs without the  i n t e r n a l  b a f f l e .  A t  t h e  end 0 1  each 
run, t h e  system was depressured and t h e  bed was drained by removing the  c o a l  i n l e t  
l i n e .  The hot bed mater ia l  was quenched rap id ly  by contact  with d r y  i c e  i n  the 
catchpot .  The e n t i r e  bed mater ia l  then  was screened a t  28 and 48 mesh. A charac te r -  
i s t i c  of a l l  t h e  run products  i s  t h a t  a l l  contained some +48 mesh agglomeraLes which 
were e x t e r n a l  bed p a r t i c l e s  cemented toge ther  by a t h i n  f i l m  of coal-derived mater ia l .  
N o  agglomerates l a r g e r  than 28 mesh w e r e  found. The fewest agglomerates occurred a t  
1300°F, i n d i c a t i n g  t h a t  t h i s  may be t h e  optimum temperature with respec t  t o  uniIorm- 
i t y  of smearing. The amounts of +48 mesh agglomerates which formed a r e  l i s t e d  below: 

Temperature, +48 Mesh AgglomeratesiWt . $ 
OF of Bed Inventory 

loo0 
1100 
1200 
1300 
1400 

18.0 
16 .O 
15.5 
8 .o 
10.7 

The p a r t i c l e  densi ty ,  measured i n  mercury, f o r  the +48 mesh agglomerates I'ormed a t  
1300'F had a high value of 85 l b / f t 3 .  

An attempt was made to  run f o r  a prolonged per iod  a t  1300OF and 15 atm. system 
T o  simu- p ressure  t o  determine t h e  s i z e  d i s t r i b u t i o n  of the  "equilibrium" product .  

l a t e  t h e  seed char  i n  t h e  commercial embodiment ( f i n e s  from t h e  i n t e r n a l  cyclones ill 

t h e  g a s i f i e r )  an i n i t i a l  e x t e r n a l  bed of -100 mesh precarbonized char  was e s t a b l i s h e d .  
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Then, 100 x 200 mesh I r e l a n d  Mine coa l  and a d d i t i o n a l  -100 mesh char  were fed t o  t h e  
d r a f t  tube at  r a t e s  of  2 and 4 lb/hr ,  respec t ive ly .  
s i d e r a b l e  amount of -325 mesh mater ia l  which was e l u t r i a t e d  from t h e  reac tor .  The 
o u t l e t  p ip ing  system of t h e  present  equipment was not designed t o  handle la rge  
amarnts of s o l i d s .  The run had t o  be terminated a f t e r  35 minutes of feeding c o a l  
because t h e  o u t l e t  system began t o  plug. Thus, an equi l ibr ium bed was not estab- 
l i shed .  
agglomerates, with a top  size of 24 mesh. 

The f i n e  char  contained a con- 

However, a n a l y s i s  of t h e  bed showed t h a t  it contained 50 w t  $ of +lo0 mesh 

The high p a r t i c l e  d e n s i t y  achieved i s  favorable ,  in t h a t  "smearini '  of l i q u i d  
c o a l  over t h e  seed p a r t i c l e s  apparent ly  is occurr ing as  des i red .  

The small s i z e  of the  e x i s t i n g  equipment precludes any f u r t h e r  meaningful 
s t u d i e s  of t h e  Seeded Coal Process .  The r a d i a l  c learance between t h e  i n l e t  l i n e  and 
t h e  wall of the  d r a f t  tube i s  only 0.15 inch .  The mouth of t h e  tube eventual ly  
w o u l d  become choked by t h e  l a r g e r  agglomerates which inevi tab ly  would be formed. 

The r e s u l t s  of t h e  explora tory  s tudies  s t rongly ind ica te  t h a t  f u t u r e  s t u d i e s  
should be made. 

Several  e s s e n t i a l  f a c t o r s  a r e  required t o  achieve succem i n  such an  operat ion.  
In tens ive  mixing i n  t h e  draft tube is required t o  achieve smearing of t h e  "liquid" 
c o a l  over both t h e  seed and r e c i r c u l a t i n g  char .  A s u f f i c i e n t  res idence time in one 
pass  through the  u n i t  of t h e  r e c i r c u l a t i n g  burden is needed t o  complete t h e  "drying 
out" or carbonizat ion of t h e  coa l .  F ina l ly ,  the  d r a f t  tube  must be l a r g e  enough t o  
handle without choking, t h e  l a r g e s t  s i z e  p a r t i c l e s  made in the  process .  A l l  these  
f a c t o r s  p o i n t  t o  a need f o r  a l a r g e r  un i t  in which t h e  d r a f t  tube  would be a t  l e a s t  
2 inches i n  diameter as opposed t o  t h e  present  0.680 inch. Such a u n i t ,  of course,  
would have a.much higher  capac i ty  for coal feed which would l ie  approximately i n  t h e  
range of 30-300 lb /hr .  

CONCLUSIONS 

1. 

2. 

3. 

Encouraging r e s u l t s  have been obtained i n  an  exploratory s tudy  of t h e  Seeded 
Coal Process .  
which t h e  d r a f t  tube diameter would be a t  l e a s t  2 inches (vs .  0.680 inch a t  
p r e s e n t ) .  
feedstock which assuredly  is operable with respect  t o  caking/agglomeration a t  
g a s i f i e r  condi t ions ,  and t h a t  it can produce a dense, c lose ly  s ized  feedstock 
s u b s t a n t i a l l y  f r e e  of f i n e s  which w i l l  allow a high g a s i f i e r  throughput. 

Preoxidat ion is an acceptab le  pretreatment technique f o r  I l l i n o i s  No.6 coa ls .  
A feedstock was produced a t  ad iaba t ic  ureoxidizing condi t ions which was fed 
t o  a pressure  g a s i f i e r  with complete freedom from agglomeration. 

Successful  pretreatment  within t h e  framework of an a d i a b a t i c  preoxidat ion 
process  was not  achieved w i t h  highly f l u i d  P i t t sburgh  Seam coals  us ing  a s i z e  
c o n s i s t  s u f f i c i e n t l y  coarse  t o  be p r a c t i c a l  f o r  f lu id ized  bed,processing when 
pretreatment  was c a r r i e d  out under f u l l  system pressure .  The minimum pre- 
oxidat ion l e v e l  found is between 19 t o  28 w t  $. 
t h e  t h i r d  s t a g e  preoxida t ion  is car r ied  out in a t r a n s f e r  l i ne  reac tor  is a 
p o s s i b i l i t y  which has  not  been explored. 

Future  stud'ies should b e  made with a l a r g e r  reac tor  u n i t  i n  

The p o t e n t i a l  advantages of the  process  a r e  t h a t  i t  w i l l  supply a 

A three-s tage process  i n  which 
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TABLE L 
Preoxidation Conditions and Resul t s  f o r  I l l i n o i s  No. 6 Coal 

System Pressure:  15 atmospheres (206 p s i g )  
S ize  Consis t :  24 x 100 Tyler Mesh 

Run Number 

Feed Coal 
Temperature, "F 
I n l e t  0, P a r t i a l  Pressure,  atm 
Flu id iz ing  Velocity ( t o p  of bed), f t / s e c  
Moisture i n  Coal, W t  $, a s  f e d  

Coal Feed Rate, lb/hr  ( d r y  b a s i s )  
L i f t  Gas. SCFN 

A i r  
N, 

Recycle 
F l u i d i z i n a  Gas. SCFH 

Nz 
Purges ( N , ) ,  SCFH t o  bed 
Purges ( N , ) ,  SCFH above bed 

O U t D U t  
Exit  Gas Rate ,  SCFH(')(dry b a s i s )  
E x i t  Gas Composition, Mol $ ( d r y  b a s i s )  

02 
co 2 

CH4 

C2H4 
CaHs  
C 3 H 6  

SO, 
H,S 
H 2  
N, (by  d i f fe rence)  

co 

'ZH6 

cos 

Flow Rate ,  SCFH, a t  t o p  of bed 
Water. lb /hr  (cor rec ted  f o r  c o a l  moisture) 

Condensate 
Moisture i n  E x i t  Gas 

Tar, lb /hr  
Preoxidized Coal, lb/hr  

Percent Preoxidat ion 
Nominal S o l i d s  Retention Time, min 
Duration of Steady-State Per iod,  hr 
T o t a l  Product, Pounds 

5P2 6P - 5 P1 - 
- I l l inois  N o .  6 

750 
0.31 
0.29 
6.80 

7.89 

54.0 
97 

396 
0 
5 

10 

161 

<. 01 
3.03 
.40 
.25 
.08 
. O l  
. O l  . 01 
.02 
.16 

<. 003 
<. 01 

96.03 
572 

.590 

.006 
.0934 
7.20 

11.9 
59 

10.0 
72 

Standard condi t ions  a r e  29.92 i n  Hg and 7@F. 
' N o t  measured, Assumed to be the  same a s  i n  Run 5P2. 

800 
0.32 
0.29 
6.80 

8.13 

54.0 
99 

380 
0 
5 
9 

164 

<. 01 
3.36 . 46 

.38 

.14 

.02 

.06 . 01 

.05 . 18 
<. 003 
<. 01 

95.34 
563 

.722 

.006 

.155 
6.81 

I 11.5 
46 

6.0 
41 

810 
0.25 
0.29 
6.58 

8.71 

43.5 
110 

382 
0 
5 
6 

161 

<. 01 
2.54 

.25  

.45 

t 
' j' .09 

-- 
_- 

96.39 
569 

.824 

.006 

.292 
6.76 

8.7 
39 

5 . 5  
37 
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TABLE 5 

! 

Typical  G a s i f i e r  Conditions f o r  
Tes t ing  Preoxidized Coals 

Temperature 
Pressure 
F lu id iz ing  Velocity 
Feed Rate 

Cornu ound 

H Z O  
H Z  
CH 4 
co 
0, (from a i r )  
CO, 
N2 

I n l e t  Oxygen Pressure,  atm. 

1700’F 

0.34 ft/sec 
4.15-4.85 lb/hr  

15 atm (206 p s i g )  

Feed Top of Bed, 
Mole’$ Mole % 

23.6 15.3 
0.0 10.0 
0 .o 0.8 
0 .o 12.0 
6.8 0.0 
11.8 12.8 
57.8 49.0 

1 .o 
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TABLE 10 

Effect  of Pretreatment Pressure on 
Decakim of 28 x 200 M Ireland Mine Coal, 

Pretreatment Pretreatment Pretreated Coal(') 
Pressure, Run Temperature, W t .  4 Max. Fluidi ty ,  

atm No. O F  Preoxidation DDPM 

1 . 5  1 A  700 5 . 5  9 

1 . 5  2A 700 13 .8  0 

15 1P 700 19.5  16 

15 2p2 7 50 18 .6  1 .o 

I 

( 1 )  Via Giese ler  plastometer (ASTM Method D-2639-67T). 
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Conf igura t ion  of Draf t  Tube Used i n  Seeded Coal T e s t s  

Recycle 

L 

4" .---. - A 

B 100 x 48 x 
200 I 100 Y 

CONF IGURRT TON D ___- 
nimcnsjon A 4" 
Dimension B 34" 
Draf t  Tube .750" O.D. x .630" I.D. 

' Coal Fecd Line .250" O.D. x .180" I.D.  

Acce lera t ing  .375" O.D. x .305" I.D. 
Gas Line 
Externa l  Baf f le  3-518'' x 1-3/4" 

I n t e r n a l  B a f f l e  

T i p  posit ioncd 5-inc1ics above bottom of tube 

Tip  pos i t ionrd  1-inch above bottom of tube 

E l l i p t i c a l ,  60' from t h e  hor izonta l  

T i p  pos i t ioned  1/2" above c o a l  feed l i n e  
3/8" D x 60" Cone 

'~ i 
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Figure 5 - Particle Densities For Preoxidizcd Ireland 
Mine Coal .  
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Movies of High-Velocity Fluidized Beds, Joseph Yerushalmi, The City College 
of The City University of New York, Department  of Chemical Engineering, 
New York, N. Y. 10031 

Movies will be shown (courtesy of Albert Godel and Babcock-Atlantique) of both 
experimental  and commerc ia l  fluidized beds gasifying coal  for  the Ignifluid boiler. 
The movies  elucidate the "Godel phenomenon" -- i. e., the accumulation of ash 
mat te r  in  agglomerates  of golf-ball size f r o m  a bed of coke undergoing gasification 
by air at tempera tures  between about 1100' and 1300'C and fluidized at velocities 
of about 40 f t l sec .  

Movies will a l s o  b e  shown of models  at The City College of the "fast fluidized 
bed, I' i n  which fine solid is recirculated at velocities between 10 and 20 f t /sec.  


